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SECTION 1 

INTRODUCTION 

The general  ob jec t ive  of the  cont rac t  is t o  improve our  knowledge of 

the  meteorology of the  p lane ts  Mars, Venus, and J u p i t e r .  Primary emphasis 

i s  placed on the  thermal s t a t e  and c i r c u l a t i o n  regimes i n  these  p lane tary  

a tmo sphere s . 
During the  p a s t  t h ree  months emphasis has been on: 1) development of 

a model f o r  computing the  r ad ia t ive  equi l ibr ium temperature i n  a p lane tary  

atmosphere with a complete cloud cover (such a s  the  Venus atmosphere); 

2) s t u d i e s  of models f o r  es t imat ing average wind v e l o c i t i e s  and the genera l  

c i r c u l a t i o n  c h a r a c t e r i s t i c s  of the  atmospheres of Mars and Venus; and, 3) 

u n c e r t a i n t i e s  assoc ia ted  with the  recent es t imate  o f  Martian su r face  pres- 

sure.  These top ic s  a r e  discussed i n  t h e  following sec t ions .  

1 



SECTION 2 

METEOROLOGY OF VENUS 

2.1 RADIATIVE EQUILIBRIUM TENPERATURE DISTRIBUTION I N  THE VENUS 
ATMOSPHERE 

In quar t e r ly  Progress Report No. 4 of Contract  No. NASw-704 the  

r a d i a t i v e  equi l ibr ium d i s t r i b u t i o n  of tenpera ture  between the Claud- 

base and sur face  of Venus i s  discussed. 

equi l ibr ium temperature was based upon a model i n  which i t  i s  assumed 

t h a t  the  cloud l aye r  cofipletely covers the  sky; both the  cloud-base 

and sur face  r a d i a t e  as black bodies; the atmospheric l aye r  between 

su r face  and cloud i s  a grey absorber and i s  i n  i n f r a r e d  r a d i a t i v e  

equilibriun,;  and both the  cloud base and sur face  are maintained a t  

f ixed  temperatures, which are chosen t o  be i n  agreement with present  

i nd ica t ions  of these  q u a n t i t i e s .  The sur face  temperature was taken 

as 700'K; the  cloud-base temperature was taken as 373OK. 

p r o f i l e s  were computed f o r  several  values  of atmospheric i n f r a r e d  

opaci ty .  When compared t o  an ndiauatic p r o f i l e ,  t he  computed tempera- 

t u r e  p r o f i l e s  a l l  i n d i c a t e  super-adiabat ic  lapse-rates a t  the  surface-  

atmosphere and cloud-atmosphere boundaries. 

This computation of r a d i a t i v e  

Temperature 
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It is  of i n t e r e s t  t o  develop a model t h a t  can be used t o  compute 

the  r a d i a t i v e  e q u i l i b r i m  temperature d i s t r i b u t i o n  not  only of t he  sub- 

cloud l aye r  o r  above-cloud l aye r  but a l s o  of the  e n t i r e  atmosphere of 

a p lane t ,  such as Venus, t h a t  has a contplete cloud cover. We have 

s t a r t e d  work i n  t h i s  d i r ec t ion .  

It i s  assumed t h a t  the  Venus atmosphere i s  grey i n  the  i n f r a r e d  

and has  a complete cloud cover a t  some he igh t  i n  the  atmosphere. 

cloud i s  assumed t o  behave as a black body f o r  i n f r a red  r ad ia t ion .  The 

i n f r a r e d  opaci ty  i s  taken a s  zero a t  the  sur face  of the  p lane t  and in -  

creases t o  the  value -r a t  the  t o p  of the  acrnosphere. I n  the  sketch 

below, the  physical  model i s  shown schematically.  

The 

g 

Under condi t ions of r ad ia t ive  equi l ibr ium, the  r a d i a t i o n  f luxes  a t  

the  sur face ,  the  cloud-base, the  cloud-top, and top of the  atmosphere 

are a l l  equivalent ;  i n  pa r t i cu la r ,  they are a l l  equal t o  the  incoming 

s o l a r  r ad ia t ion .  This can be wr i t ten  as 

where T i s  the e f f e c t i v e  temperature of the  incoming s o l a r  r s d i a t i o n ,  

'I i s  the  in f r a red  opaci ty ,  2nd ais the  Stefan-Boltzmann constant .  

e 
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The r a d i a t i v e  f l u x  a t  any leve l  above the  cloud can be w r i t t e n  as 

F(T) 2BcB3(T-'cc) + 2 B ( t )  E 2 ( ' c - t ) d t  s 
7 

- 2 j g B ( t S  E2(t- 'c)dt 

T 

where B i s  t h e  black body f lux ,  the sub-scr ip t  c r e f e r s  t o  t h e  cloud- 

top,  and the  E ' s  are exponent ia l  i n t eg ra l s .  

For r a d i a t i v e  equilibrium, 5 = 0. Applying t h i s  condi t ion  t o  

Equation (Z), we can obta in  

7 
c 

From t he  condi t ion  t h a t  t he  upward f l u x  a t  the  top of t he  atmosphere i s  

equal  t o  the  incoming s o l a r  rad ia t ion ,  w e  ob ta in  

2B E (T -TC) + 2 B ( t )  E (7 - t ) d t  Be . (4 )  = 3  g SB 2 g  
TC 

Subs t i t u t ing  Bc from Equation (4) i n t o  Equation (3) and rep lac ing  B 

4 
by C T  , we ob ta in  an equation f o r  t he  temperature d i s t r i b u t i o n  above - 
the  cloud-top f g  

Given Te, ' c c ,  and 'c 

Equation (5) using numerical methods. The tenlperature a t  the  cl-oud- 

one can compute T(T)  above the  cloud-top from 
g' 
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4 top can then be obtained from Equation (4) i f  B is replaced by u T . 
Below the  cloud- top, appl ica t ion  of  t h e  r a d i a t i v e  equi l ibr ium con- 

dF 
d.r d i t i o n -  = 0 to the  expression f o r  t he  r a d i a t i v e  f l u x  r e s u l t s  i n  

b T 

~ B ( T )  = Bo E 2 ( ~ )  4- Bb E2(Tb - T) 4- 1 B ( t )  E l ( l T - t l ) d t '  . (6) 
0 

From the  condi t ion  t h a t  the  inf ra red  r a d i a t i v e  f l u x  a t  t he  sur face  is 

equal  t o  the  incoming s o l a r  radiat ion,  we ob ta in  

7b 
BO - 2Bb E3(.rb) - 2 B ( t )  E2(t)dt  = B e . (7) J 

0 

Subs t i t u t ing  Bb from Equation (7) i n t o  Equation (6) and rep lac ing  B 

by Q T , we o b t a i n  
4 

0 

Given Te, To, T ~ ,  and 'I 

Equation (8) using numerical methods. The temperature a t  t h e  cloud-base 

can  then be obtained from Equation (7) i f  B is replaced by u T . 
one can compute T(T) below the  cloud-base from 

g ' 

4 

Thus, given the incoming so la r  r ad ia t ion ;  the  su r face  temperature 

(or, if the  de r iva t ion  is changed s l i g h t l y ,  t he  cloud-base temperature) ; 

t h e  in f r a red  opac i ty  of the above cloud layer ;  and the  in f r a red  opac i ty  

of  the  sub-cloud layer ,  i t  i s  possible  t o  determine the  radiat ive 
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equilibrium distribution of temperature in the atmosphere both above 

and below the cloud. 

We have computed the temperature distrlbution for the following 

values of the parameters: 

Te 0 237'K T 7.0 

To = 700°K 
g 

T = 6.995 
C 

T~ - 6.86 
Te - 237OK corresponds to an albedo of 0.73 as reported by 

To - 700°K is in agreement with the radiometric 

g 

Sinton (1962). 

observations of surface temperature. T = 7 agrees with the value of 

T that resulted in a surface temperature of 700°K for the two-layer 

greenhouse model (Ohring etal, 1964) with atmospheric lapse-rate and 

cloud-top pressure after Kaplan (1962). 

g 

Since T is proportional to 

atmospheric pressure for this model, T~ and T 
g 

ratios T ~ / T  and T /T were the same as the ratios pc/po and pb/po, 

respectively, where p is surface pressure, The ratio p /p after 

Kaplan (1962), is about 7 x If the cloud-base temperature is 

about 373'K (Staff, Jet Propulsion Laboratory), Kaplan's temperature- 

pressure relationships yields pb/po - 2 x 

and T 6.86. 

were chosen so that the 

g b g  

0 c 0' 

Therefore, T - 6.995 
C 

b 

The computed temperature distribution is shown in Figure 2.1. It 

should be noted that the above-cloud temperatures and opacities are 

plotted on scales different from the sub-cloud scales. 

remains essentially constant in the sub-cloud layer, decreasing from 

The temperature 
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TEMP. ABOVE CLOUD 
198 199 200 20 I 202 

1 1 I 7000 I 

6.999 

6.998 

6.997 

6.996 b 

- 
6.995 2 

0 
0 6.86 
W 

d 
a 

4 

3 

2 

I 

EFFECTIVE TEMP 237.00"K 

TEMP AT CLOUD TOP 237.29"K h 

TEMP. AT CLOUD BASE P 
693.29OK 

--_.. 

i 
TEMP AT GROUND 7 0 0 ° K  

1 1 1 

TEMP. BELOW CLOUDPK) 

F i g u r e  2 .  1 Computed rc - ld ia t ixrc  Equilibrium ! c n : p e r ~ i t u r e  d i s t r i ? x i t i o n  i n  the 'Ieniis 
a t m o s p h e r e .  ( : !c i te t l i f f e r e i i t  s c a l e s  for above a n d  helow c l o u d  d i s t r i -  
b u t i o n . )  



700°K at the surface to 693'K at the cloud-base. In the above-cloud 

layer, the temperature is also essentially constant, 200°K to 199'K, 

except for the discontinuity at the cloud-base, where the temperature 

changes from slightly more than 237'K at the cloud-top to less than 

200 K immediately above the cloud-top. Thus, the computed temperature 

distribution indicates that the atmosphere consists of essentially two 

isothermal layers - a sub-cloud layer with a temperature close t o  700°K 

and an above-cloud layer with a temperature of about 200 K. There is 

a large temperature decrease - over 450 K - frarr? clmd-base to cloud- 

top. Such a temperature distribution is quite unrealistic. 

0 

0 

0 

The unreasonable temperature distribution obtained below the cloud 

and the large temperature decrease through the cloud are probably due 

to the relatively small value of effective temperature conpared to the 

surface temperature and to the assumption of a completely black cloud. 

Work is underway on the development of a model in which the cloud is 

not completely black to infrared radiation. 

more realistic temperature distributions to be obtained. 

Such a model should allow 



2.2 CIRCULATION STUDIES 

2.2.1 Mean Wind Velocity. Based on r ecen t  evidence, the  

r o t a t i o n  rate of Venus i s  about 250 days (Barath, 1964), and, there-  

fore ,  t he  C o r i o l i s  parameter is  about 4 x t i m e s  of t h a t  on Earth.  

With such a small r o t a t i o n  rate, it i s  h ighly  probable t h a t  t h e  general  

c i r c u l a t i o n  i s  mainly along t h e  meridional d i r e c t i o n  (here w e  de f ine  

the  meridional d i r e c t i o n  i n  the d i r ec t ion  of t he  l i n e s  jo in ing  the  

subsolar  and a n t i s o l a r  po in ts ,  while t he  zonal d i r e c t i o n  i s  i n  the  

d i r e c t i o n  anrna l  t o  the  l i n e s  joining subsolar  and a t - i s o l a r  points) 

and t h a t  zonal motion i s  small. 

2 With a s o l a r  cons tan t  of 4.11 cal/cm /min and an albedo of 0.75, 

2 the  e f f e c t i v e  i n s o l a t i o n  f o r  Venus is about 1.03 cal/cm /min. Assuming 

t h a t  the su r face  pressure  i s  10 atmospheres, and the  outgoing r a d i a t i o n  

is  cons tan t  a l l  over t h e  p lane t ,  we ob ta in  the  d i f f e r e n t i a l  hea t ing  be- 

tween the  subsolar  and a n t i s o l a r  points ,  as 

a: - 7.5 x deg/sec. 

Based on the  model temperature p r o f i l e  of Kaplan (1962), and a 

c o e f f i c i e n t  of f r i c t i o n  (K = 5 x sec -I) f i v e  times of t h a t  on 

Ear th  t h e  s teady s t a t e  meridional ve loc i ty  is 

For the  same f r i c t i o n  c o e f f i c i e n t  as t h a t  on Earth (K - 10-5/sec), 
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V = 18.3 m/sec. a 

2.2.2 Linearized Circulation Model. Since there is some inform- 

ation available on the temperature variation between subsolar and anti- 

solar points, we can estimate the average wind velocities using a differ- 

ent approach. This approach is based upon a free convection model, and 

has been used successfully for model circulation systems in which rota- 

tion effects are unimportanc, such as the circulation patterns associated 

with land and sea, or valley and mountain, circulations. Using the 

Boussinesq approximation (Chandrasekhar, 1961), one may obtain the 

following equations from the equation of motion and 'near equation: 

and 

where v, K - eddy viscosity and eddy conductivity 
a! * coefficient of volume expansion for atmosphere 

'0 '  rd = mean lapse rate and dry adiabatic lapse rate 

b - constant determining the change of lapse rate in 
meridional direction 

A - Laplacian operator 
When the lapse rate is independent of horizontal location, one obtains 

A3T = - 

where y a rd - Yo' 

10 



The sur face  temperature d i s t r i b u t i o n  on Venus (Drake, 1964) is 

where cp i s  the  phase angle. 

represent ing  the  temperature v a r i a t i o n  from subsolar  t o  a n t i s o l a r  po in t  

on the  p lane t  with cp represent ing  the angle  between subsolar po in t  and 

any po in t  on the sur face  along the  meridional d i r e c t i o n .  

t he  phase s h i f t  angle of 11.7'; the pe r tu rba t ion  temperature is j u s t  

a s i m p l e  s i n g l e  cos ine  function with an amplitude 73'K. 

t he  lower boundary condi t ion  one can solve t he  l a s t  d i f f e r e n t i a l  

equat ion  as a boundary value problem. Fur ther ,  we nay assume u and w 

are both ze ro  a t  sur face  as add i t iona l  boundary condi t ions  f o r  de t e r -  

mining t h e  v e l o c i t i e s .  The so lu t ions  are assumed f i n i t e  a t  z +-. 

The above expression can be thought of as 

I f  w e  neg lec t  

Using t h i s  as 

The so lu t ions  f o r  u, w, and T a r e  obtained as follows: 

. s i n  kx s i n  cp 

, eo8 kx COB rp 

11 



where D m  

K U  

k =  

amplitude of temperature disturbance 

v eddy conductivity or viscosity 
1 
r 
- 

0 
r = radius of Venus 

0 

for K = v 10’ m2/sec 
2 g = 8.8 rn/sec 

D - 73’K 
r = 6100 km 

k = 1.64 x 10-4/km 

a - 0.02 
?’ = 2’/km 

h = 605 

0 

The computed horizontal and vertical wind velocities, and perturbation 

temperature are plotted as a function of hefght in figure 2.2 .  

From figure 2.2 it is see3 that the maximum horizontal wind velocity 

is about 35 m/se and is located qproximately a t  d km above the solid 

surface i n  the direction toward sub301ar point. The maximum return 

flow is about 20 m/sec at 35 knl ~ll.bovr, surface in the direction toward 

antisolar point, The computed 13ilxinw vxtical velocity is about 

2.0 cm/sec and is locatea at 2d km; the vertical velocity decreases to 

zero at 50 km above the surface. The perturbation temperature decreases 

upwards from the surface t o  a minimum at 30 ktu and then reuains approx- 

imately constant. 
1 2  
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Figure 2.2 Computed horizontal and vertical-wind<-elocities (u and w) and perturbation 
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The computations show t h a t  upward v e r t i c a l  v e l o c i t i e s  extend t o  

50gm 

extend 50kmi on the  dark side of the planet. 

v e l o c i t i e s  may extend t o  50km, clouds may extend t o  t h i s  same a l t i t u d e .  

However, on t h e  dark s i d e  of t he  planet,  above the  a n t i s o l a r  point ,  

where descent is t ak ing  place,  the presence of clouds is a mystery. 

on t h e  s u n - l i t  s i d e  of the  planet,  and downward v e r t i c a l  v e l o c i t i e s  

Since upward v e r t i c a l  

2.2.3 Diverging Cloud Bands, A r a d i a l  spoke system of clouds 

has  been observed on Venus (Moore, 1957). This p a t t e r n  has  not been 

s a t i s f a c t o r i l y  explained. According t o  the  study of vor tex  clouds i n  

hur r icanes  (Tang e t  a l . ,  1964) and o ther  r e l a t e d  works (Kuo, 1963), 

clouds in a thermally u n s t a b l e , s t r a t i f i e d  medium w i l l  o r i e n t  themselves 

along the  wind d i r ec t ion .  I f ,  as is prcbable, t he  Venus atmosphere may 

a t  times be unstably s t r a t i f i e d ,  then the cloud bands would be o r i en ted  

along the  mean wind d i r e c t i o n  which is  toward the  subsolar  po in t  i n  

the lower p a r t  of t h e  atmosphzre a d  i s  diverging away from the  sub- 

s o l a r  po in t  in t h e  upper p a r t  of the atmosphere. 

p a t t e r n  would be i n  agreement w i t h  t he  r a d i a l  spoke systems observed 

in Venus. 

The r z s u l t i n g  

2.2.4 Future Work. Mxe r e f h e d  estimates of t he  Venus c i r cu -  

l a t i o n  w i l l  be obtained. I n  par t icLlor ,  t he  case i n  which the  lapse 

rate varies with ho r i zon ta l  distance w i l l  be s tud ied .  Also, attempts 

w i l l  be made t o  so lve  a nm-iiriear mcdel of t h e  Venus c i r c u l a t i o n .  
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SECTION 3 

METEOROLOGY OF MARS 

3.1 MARTIAN SURFACE PRESSURE, CARBON DIOXIDE AND WATER VAPOR AMOUNTS 

I n  an  i n t e r e s t i n g  a r t i c l e ,  Kaplan, Miinch, and Spisrad (1964) made an 

a n a l y s i s  of the  Martian atmosphere from a high-dispers ion spectrogram ob- 

ta ined  a t  Mount Wilson Observatory l a s t  year,  with the  a i d  of e a r l i e r  work 

by Sinton and Kuiper. 

reaching the  sur face  of Mars and sca t t e r ing  t o  t he  Earth, they neglected 

I n  computing the  e f f e c t i v e  a i r  mass of sun l igh t  

t he  d i f f e rence  between the  Martian l a t i t u d e s ,  Ds and DES of t he  subpoints 

of  t he  Sun and Earth, respect ively.  See Figure 3.1. From the  1963 American 
t ? 

Ephemeris and Naut ical  Almanac, page 322, DS = 23'16 and DE = 14'44 f o r  

05:lO U.T., A p r i l  13, 1963, the  middle of the  exposure of  t h e  photographic 

emulsion. The d i f fe rence  DS - D E =  8'32 , which is  much g r e a t e r  than the  

2' value s t a t e d  i n  the  a r t i c l e .  If' DS i s  increased 8'32 from t he  assumed 

va lue  of  DS = DE (14 44. ), t he  average e f2ec t ive  path length,  ?, must be 

increased by 0.6 .  

? 

I 

0 1  

It tu rns  out  that  t he  atmospheric parameters a r e  sensi-  

t i v e  t o  q and consequently ileed rev i shn .  

Two o t h e r  refinements were made. One was to a l low f o r  the  curvature  

of  Mars' sur face  and atmosphere, and thz  o the r  was t o  double the  smearing 

15 



S 

E = EARTH 
S = SUN 

0 = PLANETOCENTRIC (MARTIAN) LATITUDE 

@=ZENITH DISTANCE AS SEEN FROM CENTER 
OF SCAN ON MARS 

4 

Figure 3 .1  V i e w  of Mars from the Earth* 
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from 1 t o  2 a r c  secant  t o  a l lor?  for the g r e a t e r  s c i n t i l l a t i o n  assoc ie ted  

with the  turbulen t  north wind blowing over the  mountain. 

refinement, sec 8 was replaced by 

In  the  f i r s t  

f o r  both the Sun and Earth ( 6  = zenith angle  a t  a scan poin t  on Mars, R = 

rad ius  of Mars, and z = thickness  of Plartian atmosphere, assumed t o  be 55 

km). 

computed by using the  center  o f  the smearing c i r c l e  (Figure 3.1) a s  

r ep resen ta t ive  of t h e  whole c i r c l e  and by keeping t h i s  c i r c l e  wi th in  the  

scanned area  along the Martian meridian. Ths smearing cor rec t ion  t o  r) was 

- 0.2. 

The curvature  co r rec t ion  to  q was - 0.1. The smearing efFect  was 

The t o t a l  of the  three  correct iocs  t o  'I vas + 0.6 - 0.1 - 0.2 = + 0.3, 

giving a revised value of = 3.5 + 0.3 = 3.gJ an increase  by a f a c t o r  of 

13/12 (See Table 3.1)' W.th t h i s  new value oE 'I, t he  revised concentra- 

t i o n s  of carbon dioxide atid wate'r v&pc.;. are rcduced by the  f a c t o r  of 12/13, 

s ince  7 FJ = constant.  The Piartian sur face  pressure is  increased from 25 mb 

t o  28 mb, but  t h i s  i s  well  within the  5 15 mb uncer ta in ty  expressed by 

Kaplan e t  a l ,  

It i s  appareat  t h a t  new o h a x a t i o n s  L;'e needed to  g e t  more r e l i a b l e  

evaluat ions of the  Martian a2rnDspter-f.c pazaineters. 

17 



TABLE 3.1 

CARBON DIOXIDE, WATER VAPOR, AND TOTAL PRESSURE 
OF WRTIAN ATMOSPHERE 

Martian Atmospheric Parameter 

Effective air mass, q 

w(C02) at 230°K 

w(C02) at 200°K 

w ( H p  

p from Sinton's measurements 

First p from ICuiper' s measurements 

Second p from Kuiper's measurements 

Average p from Kuiper's measurements 

Adjusted average p from Kuiper's 
measurements 

Stated Value 

3.6 

55 m atm 

SO m atm 

14lJ 

29 mb 

33 mb 

25 mb 

29 mb 

25 mb 

Revised Value 

3.9 

51 m atm 

46 m atm 

13lJ 

31 mb 

36 mb 

27 mb 

31% mb 

28 mb 

w = total thickness at standard temperature and pressure 

p = atmospheric pressure at the Martian surface 
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3.2 CIRCULATION STUDIES 

3.2.1 Inferences from Clouds. Most yellow o r  white clouds have velo- 

c i t i e s  over  10 km/hr. 

yellow clouds,  have reached 90 km/hr. 

generated i n  the  same region and i n  the  same season. The clouds followed 

s i m i l a r  pa ths  over d i s tances  of  thousands of  miles from lower l a t i t u d e s  t o  

h igher  l a t i t u d e s  over t i m e  periods of two weeks. Since these  cloud t r acks  

were found i n  southern hemisphere summer, it is suspected t h a t  they repre- 

a e z t  phenomena s i roi lar  t o  t h e  t rop ica l  cyclones on the  Earth moving along 

the  per iphery of a subt ropica l  permanent "high" center .  

Moeris-Libya (+ loo, 270') would correspond t o  the Caribbean Sea o r  Carol ine 

I s l a n d s  i n  the  equa to r i a l  a rea  of Earth. 

Some recorded migrat ing v e l o c i t i e s ,  e s p e c i a l l y  f o r  

One s e r i e s  of yellow clouds vias 

The region of 

Other u se fu l  meteorological information can be deduced from observa- 

t i o n s  of t he  v e r t i c a l  developsent of  Hart ian clouds. 

shown examples of clouds observed on the  morning terminator  ( a f t e r  

DeVaucouleurs, 1954). It was reported t h a t  the  d u l l  grey cloud, s lop ing  

upward from t h e  surface,  extended more than 40 degrees i n  longi tude and 

remained v i s i b l e  f o r  t h ree  hours with a top a t  about 27 km. 

case, although the  high cloud separated from the sur face ,  it s t i l l  remained 

t i l t e d  l i k e  a f r o n t a l  cloud, and extended t o  a he igh t  of a t  l e a s t  30 km. 

These observat ions show t h a t  these clouds extend t o  very high a l t i t u d e s a n d  

have s loping sur faces  j u s t  l i k e  a schematic t e r r e s t r i a l  f ront .  

I n  Figure 3.2 a r e  

I n  the  second 
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1 .  

2. 

Figure 3 . 2  Observations of clouds on the terminator. 
Case 1. The dull-grey cloud extended over more than 
40 degrees in longitude and remained visible for 3 hours 
with a top at about 27 km. 
Case 2.  The dark-yellow cloud, which appeared separated 
from the surface, remained tilted like a frontal cloud, 
and extended to a height of at least 30 km. 
(After DeVaucouleurs, 1957) 
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Implicat ions of  these  phenomena f o r  t he  f l u i d  dynamics o f  t he  atmosphere 

w i l l  be  discussed i n  the  next few sect ions.  

3.2.2 The Slope of a Front.  The cloud p i c t u r e s  shown i n  Figure 3.2 

resemble a terrestr ia l  f ron t ,  vhich i s  charac te r ized  by i t s  coverage of  a 

l a r g e  a rea  and by t h e  sloping, r e l a t i v e l y  narrow cloud band above i t s  sur-  

face.  

terminator  suggests  t h a t  they a r e  n o t  convective clouds f o r  t he  fol lowing 

reasons.  Convection must be weakest a t  t he  time of  s u n r i s e  on a dese r t - l i ke  

p lane t .  

v e c t i v e  cloud with s t rong  v e r t i c a l  development on the  Earth. 

Furthermore, t he  f a c t  t h a t  these cloud phenomena a r e  observed on the  

Also, t he  sleping xerrcv  c l m d  bend bears  nc! reecmhlance t o  a con- 

The s lope  of a t e r r e s t r i a l  f ron t  a t  middle l a t i t u d e s  is about 1/50 t o  

1/100; the  s lope of these  Martian clouds a r e  much la rger .  

f o r  t h e  s lope  o f  an  east-west f ro9 t  a t  l o v  l a t i t u d e s  can be w r i t t e n  a s  

The expression 

t an  a! = - \ # .  

where a = t he  angle  between the  f r o n t a l  su r f ace  and the  ho r i zon ta l  

sur face  

p = dens i ty  of a i r  

f = Cor io l i s  parameter 

cp = l a t i t u d e  

g = g r a v i t a t i o n a l  constant  
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x,y = the  coordinate  system i n  which x and y a r e  i n  t h e  d i r e c t i o n  

normal and p a r a l l e l  t o  t h e  sur face  f r o n t  i n  the  ho r i zon ta l  

su r f ace  respect ively.  

U,V = v e l o c i t i e s  along x- and y-d i rec t ion  r e spec t ive ly  

and, the  subscripts 1 and 2 denote the  cold and warm a i r  masses 

respec t ive ly .  

A t  lover  l a t i t u d e s  one would not expect too l a rge  a temperature c o n t r a s t  

and, therefore ,  one can assume t h a t  

Furthermore we may assume t h a t  the mean warm a i r  v e l o c i t y  i s  neg l ig ib ly  

small (i.e., U2 = 0) and t h a t  the mean v e l o c i t y  g rad ien t  i n  the  cold a i r  

= constant  = -c). With these approximations, t he  s lope is constant .  ( 2  
of  the  f r o n t  can be w r i t t e n  a s  

IC u11 
COST J vl-v* I t an  a! = tan cp + 

The value c may be estimated as  

10 m/sec 1 - 5  c =  - = - x 10 /sec.  5 2 20 x 10 m 

Fur ther  assume 

lull = 40 m/sec 
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2~ = 1.5 x 10-4/sec 

cp = 5' l a t i t u d e  

then 

t a n  01 W 0.22 

and 

a x  +12O , 

This va lue  agrees  well with t h e  slope of t h e  clouds shown i n  F igure  3.2. 

If these  clouds a r e  indeed representa t ive  of  f r o n t a l  phenomena on Mars, i n  

agreement with the  above computation, then they a r e  most probably composed 

of ice  r a t h e r  than dust.  

3.2.3 The C i rcu la t ion  Regime. For l a r g e  s c a l e  motions, the Earth 's  

atmosphere i s  i n  a s t a t e  of quasi-geostrophic o r  geostrophic  balance,  which 

means t h a t  t he  ho r i zon ta l  motion i s  e s t ab l i shed  mainly under the  primary 

balance between the  Cor io l i s  force and the  pressure  g rad ien t  force ,  

i n t e r e s t i n g  t o  f i n d  ou t  whether the l a rge  s c a l e  Martian atmospheric motions 

a r e  i n  a similar s t a t e  of  quasi-geostrophic balance,  The c r i t e r i o n  of geo- 

s t r o p h i c  balance is based on a non-dimensional number which i s  d i r e c t l y  

propor t iona l  t o  the  thermal wind, namely, the  thermal Rossby number, ROT . 
I f  t h e  thermal Rossby number is between 0.1 and 0.01, t he  atmospheric 

motion i s  approximately i n  geostrophic balance (Davis, 1958). 

It i s  

* 
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For the  appropr ia te  Martian physical  parameters and f o r  t he  mean d a i l y  

temperature d i f f e rence  between pole and equator  as  g iven  by Ohring, Tang 

and DeSanto (1962), we have 

* 
R O T =  0.053 

i n  t h e  mean f o r  t he  year.  This  is compatible with t h e  va lue  of  t he  thermal 

Rossby number f o r  the  t e r r e s t r i a l  atmosphere from Mintz's (1955) da t a  f o r  

1949 (See F u l t z  e t  al . ,  1959) 

* 
' 0  T 

I 

Season i 
1 

I 
Summer 0.027 

4 
4 

Winter 1 0.054 

* 
Since ROT i n  the Martian atmosphere is of the  same o rde r  of magnitude 

as  i n  the  Earth 's  atmosphere, the mean annual atmospheric motions on Mars 

a r e  i n  geostrophic  o r  quasi-geostrophic equilibrium, a s  on the  Earth. 

* 
Furthermore, with the  thermal Rossby number, ROT, and the  r o t a  t i o n  

* 
parameter, G , which i s  inversely propor t iona l  t o  the  square o f  t he  angular  

ve loc i ty ,  one can determine whether t h e  c i r c u l a t i o n  regime i s  a symmetric 

o r  wave type; and, i f  i t  i s  a wave type, one can determine the  prefer red  

wave number of t he  c i r c u l a t i o n .  Based on the  phys ica l  parameters of  t he  
t * * 

p lane t  we can determine G . Prorii t he  c m p ' ~ t 2 d  values cf P, end C , we oT 

o b t a i n  the  r e s u l t  t h a t  t h e  Martian atmosphere i s  i n  a wave regime with a 

prefer red  wave number of about  f ive,  vhich i s  s i m i l a r  t o  the  wave number f o r  

t h e  t e r r e s t r i a l  general  c i rcu la t ion .  
24 



On t h e  o t h e r  hand, Mintz (1961) reached a d i f f e r e n t  conclusion. Using 

a two-level model and assuming the  motion is geostrophic,  he derived a 

c r i t e r i o n  f o r  t h e  s t a b i l i t y  of a c i r c u l a t i o n  regime. 

d i r e c t l y  propor t iona l  t o  the  dynamic c o e f f i c i e n t  of eddy v i s c o s i t y  a t  500 

The c r i t e r i o n  is 

mb. If t h e  actual  t o t a l  poleward h e a t  t r anspor t ,  AQ, i s  l e s s  than the  

cr i t ical  value, AQcrit, a symmetrical c i r c u l a t i o n  w i l l  be dynamically 

s t a b l e .  Based on h i s  assumed data, Mintz obtained 

= 0.17 x 10" k j / s e c  mcrit 

and 

AQ 0.12 x 10 l2  k j / s e c  

f o r  y e a r l y  Martian means, and concluded t h a t  the genera l  c i r c u l a t i o n  of Mars 

is symmetrical and dynamically s table .  

t h a t  the c o e f f i c i e n t  of eddy v i scos i ty  he used may be twice as l a r g e  a s  i n  

t h e  mean atmosphere. 

used t h i s  va lue  f o r  lower l a t i t u d e  on Earth. However, l a t e r  Palmen (1953) 

assumed p = 100 gm/sec/cm i n  the computation f o r  the mean f r i c t i o n a l  d i ss ipa-  

t i o n  i n  t h e  l a y e r  1-12 km in t h e  t e r r e s t r i a l  atmosphere. 

Schmidt (1925), Rossby and Montgomery (1935), Brunt (1939) , Haurwitz (1941) , 
and r ecen t ly  Palmen (1959), have assumed t h a t  p i s  approximately 100 gm/ 

sec/cm i n  t h e  f r e e  atmosphere o r  even i n  the  p lane tary  boundary l a y e r  of 

t h e  Earth. 

t he  conclusion i s  reached t h a t  the genera l  c i r c u l a t i o n  on Mars is i n  a wave 

However, i t  is worthwhile t o  note  

I 
Mintz adopted p = 220 gm/cm/sec from Palmen (1955a), who 

I 

Other workers, 

I 

If this l ove r  value of p is used i n  Mintz's c r i t e r i o n ,  then 

regime i n  t h e  mean f o r  

based upon the  thermal 

the year. 

Rossby number in t h e  r o t a t i o n  parameter approach. 

This i s  i n  agreement with the  conclusion 
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3 . 2 . 4  Mean Zonal and Meridional Wind Veloci ty  of General Ci rcu la t ion .  

The annual r a d i a t i o n  budget f o r  Mars as computed by Ohring e t  a l .  (1964) 

g ives  the  t o t a l  d i f f e rence  of  heat ing per  u n i t  a r ea  between t h e  equator  and 

pole: 
2 

A[S(1 - A)- W] = 0 . 0 4  cal/cm /min 

where A = d i f f e rence  of t h e  q u a n t i t i e s  i n  t h e  bracketsbetween t h e  

equator  and the  pole 

S = s o l a r  constant  f o r  Mars 

A = albedo 

W = outgoing long-wave rad ia t ion .  

For a sur face  pressure  p = 25 mb, t h e  d i f f e rence  i n  the  r a t e  of  temperature 

change between equator  and pole  i s  

1 

dT = 4.2 x 'K/sec. d t  

Based on Haurwitz's (1961) general  model of thermally dr iven  l a rge  s c a l e  

motion, and with a s e t  of appropriate  parameters, one can compute t h e  s teady  

s t a t e  meridional and zonal v e l o c i t i e s  i n  the  Nar t ian  atmosphere. 

t he  important parameters is t he  coe f f i c i en t  o f  f r i c t i o n .  

phe r i c  pressure on Mars i s  much less than on Earth,  we have assumed a 

f r i c t i o n  c o e f f i c i e n t  f o r  Mars t h a t  is 1 /2  the  Earth 's .  

model a meridional v e l o c i t y  of 1.5  m/sec and a zonal  v e l o c i t y  of 30 m/sec. 

Resul t s  f o r  d i f f e r e n t  valuesof the parameters have also been obtained. 

One of 

Since the  atmos- 

We ob ta in  with t h i s  
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These ca l cu la t ions  ind ica t e  tha t  the  average wind v e l o c i t y  on Mars i s  
-._ r. 

about t h ree  times a s  high a s  the  average wind ___ v e l o c i t y  on Earth. _ _  - 

v idua l  dis turbances of var ious scales ,  t he  wind v e l o c i t i e s  mus t  be l a r g e r  

than the  average values  j u s t  presented. ( This i s  why some yellow clouds 

can be f requent ly  observed moving with a speed of 90 km/hr. 

For indi-  

- 
The average 

wind speeds on Mars a r e  higher  than on Ear th  because 1) t h e  d i f f e rence  i n  

r a d i a t i o n a l  temperature change between equator  and po le  i s  g r e a t e r  on Mars 

than on Earth, and 2) t he  c o e f f i c i e n t  of f r i c t i o n  i s  lower on Mars than on 

Earth.  Both of these  circumstances a r e  i n d i r e c t l y  due to  the  f a c t  t h a t  t he  

Martian sur face  pressure i s  lower than the  Earth 's .  

3.2.5 Development and Prof i le  of Large Scale  V e r t i c a l  Veloci ty  and 

V e r t i c a l  Extent of Clouds on Mars. I n  t h i s  sec t ion ,  we would l i k e  t o  ob ta in  

some es t imates  of the magnitudes and v a r i a t i o n  with a l t i t u d e  of the  v e r t i c a l  

v e l o c i t i e s  assoc ia ted  with Martian atmospheric waves. Knowledge of t he  

he igh t  v a r i a t i o n  of the v e r t i c a l  ve loc i ty  will enable us t o  es t imate  the  

maximum he igh t s  of clouds. 

The s i m p l i f i e d  Omega equation (See, f o r  example, Ha l t ine r  and Martin, 

1957) f o r  a p lane tary  s inusoida l  ba roc l in i c  wave dis turbance can be w r i t t e n  

a s  

27 



where 

k e - s  2R wave number 
L 

A 
d t  W E  

u,v = zonal and meridional v e l o c i t i e s  p = pressure 

S = R T b p  a an e 

R = gas cons tan t  f o r  t he  
atmosphere 

T = temperature 

f = Cor io l i s  parameter 0 = p o t e n t i a l  temperature. 

Assuming zonal and meridional veloci ty  p r o f i i e s  s i m i l a r  t o  that or' t he  

Earth 's  atmosphere 

u = u 0 (1-t) 

= sur face  pressure  Po where 

= amplitude of the  zonal and meridional v e l o c i t i e s ,  uo * vo 

we can ob ta in  the  following complete s o l u t i o n  f o r  t he  Omega equat ion 

S= modified Bessel func t ion  of f i r s t  kind 2 
k l S l P 0  

f 2  

where 

s F =  k2p,ii,v, 8f # Y =  
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For moderate and r e l a t i v e l y  sho r t  traves, the s o l u t i o n  can be w r i t t e n  

a s  

where 

2 

D =  
2 k Pouo"o 

f 

For the  t e r r e s t r i a l  atmosphere, the  values  of the  v e l o c i t y  amplitudes, 

moderate wave length of atmospheric dis turbance,  and s t a b i l i t y  f a c t o r  can 

be assumed a s  

rv 40 m/sec 

L = 4000 km 

2 2 S = 1 2  m /mb/sec /deg. 

With the  above values  the p ro f i l e  of W, f o r  the  Ear th ' s  atmosphere i s  shown 

i n  Figure 3.3. The maximum v e r t i c a l  v e l o c i t y  IwI = + = 1.7 cm/sec, 

and the  p r o f i l e  i s  c lose  t o  the  average p r o f i l e  i n  the  Ear th ' s  atmosphere. 

In the Earth 's  atmosphere, clouds do not  u sua l ly  extend above the  

tropopause. 

i s  a maximum 

t i n u i t y ,  one 

Observations ind ica te  t h a t  the  ho r i zon ta l  v e l o c i t y  diTergence 

a t  the  he ight  of the tropopause. 

can obta in  the  r e s u l t  t h a t  7 = 0 a t  a l e v e l  of maximum hori-  

From the  equat ion of con- 

a2u 
a P  

zon ta l  ve loc i ty  divergence. Thus, working i n  reverse ,  one can es t imate  the  

he igh t  of  t he  tropopause, and, hence, the  maximum he igh t  of f r o n t a l  clouds, 

a% 
a P  

from an est imate  of the  he ight  a t  w h i c h 2  = 0. For the  Ear th ' s  atmosphere, 
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a2u, 
a P 2  

we o b t a i n -  = 0 a t  about 350 mb, i n  reasonable  agreement with the  observed 

tropopause pressure  of  250 mb a t  middle l a t i t u d e s .  

For the  case  of Mars, we may assume t h a t  

u = v = 60 m/sec 
0 0 

2 2 S = 90 m /mb/sec /deg 

L = 4000 lan 

-5 3 p = 4 x 10 p / c n  . 
The r e s u l t  i s  shown i n  Figure 3.4, 

imately 

The maximum v e r t i c a l  v e l o c i t y  is approx- 

1 ~ ~ 1  = 12.8 cm/sec 

which is about one o rde r  of  magnitude l a r g e r  than t h a t  on Earth. Based on 
n 

a% 
a P  

a 20 km scale he igh t  for t h e  Martian atmosphere, 7 = 0 o r  t he  tropopause 

would be near  20 km. Thus, observations of Martian f r o n t a l  clouds a t  h e i g h t s  

of 30 km (see Figure 3.2) above the su r face  i n  lower l a t i t u d e s  a r e  probably 

cor rec t .  If f r o n t a l  clouds can reach 30 km, then convect ive clouds on Mars 

can probably reach g r e a t e r  a l t i t udes .  
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SECTION 4 

METEOROLOGY OF JUPITER 

4.1 VERTICAL VARIATION OF TEMPERATURE ABOVE CLOUDS 

Work has begun on the develcpzent cf a m,odel for collrputing the 

radiative equilibrium temperature distribution above the clouds of 

Jupiter. It is anticipated that a non-grey radiative equilibrium 

model, which takes into account the variation of absorption coefficient 

with wavelength, will be used for these computations. Absorption of 

infrared radiation in Jupiter's atmosphere is primarily due to aunnonia. 
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SECTION 5 

ADMINISTRATIVE NOTES 

A paper on "Changes In The Amount Of Cloudiness And The Average 

Surface Temperature Of The Earth" by George Ohring has been accepted 

fnr publication in The Journal of the Atmospheric Sciences and will 

appear in the July 1964 issue. 

supported by Contract No. NASw-704. 

The work reported on i n  the paper was 

Dr. Ohring will present a paper on "The Greenhouse Effect in 

Planetary Atmospheres" at the International Symposium on Atmospheric 

Radiation in Leningrad, U . S . S . R . ,  August 5-12, 1964, The work that 

will be reported on has been supported by our present and past NASA 

contracts. An abstract of this presentetion follows 

"The Greenhouse Effect in Planetary Atmospheres'' 

Average surface temperatures for the planets Mars, Venus, and 

Earth are calculated with the use of a simple greenhouse model for 

planetary atmospheres. 

of amourit and height of clouds on the magnitude of the gree~hnuae 

The model permits evaluation of the influence 

effect. It is assumed that: 

solar radiation and outgoing 

there is a balance between incoming 

infrared radiation at the top of the 



atmosphere; the atmosphere consists of two layers - a troposphere, 
which has a constant lapse rate, and a stratosphere, which is iso-  

thermal and in gross radiative equilibrium; the atmosphere acts as 

a grey absorber and clouds as black bodies in the infrared; and 

direct absorption of solar radiation is negligible. 

surface temperature, tropopause heights can be computed with the 

model. Computed surface temperatures and tropopause heights are 

compared with observational information. For the Earth, computations 

with different cloud amounts indicate how the average surface temper- 

ature would respond to large changes in average cloudiness. 

In addition to 

35 



. 

REFERENCES 

& 

Barath, F.T., 1964: Symposium on r ada r  and radiometr ic  observat ions of  
Venus during the  1962 conjunction. Astronomical Journal ,  69, 1-2. 

Brunt, D., 1939: Physical  and Dynamical Meteorology. Cambridge Univers i ty  
Press ,  Cambridge, 428 pp. 

Chandrasekhar, C., 1961: Hydrodynamic and Hydromagnetic S t a b i l i t y .  Oxford, 
Oxford a t  t he  Clarendon Press, 653 pp. 

Davis, T.V., 1959: On the  forced motion due t o  hea t ing  of  a deep r o t a t i n g  
l i q u i d  i n  an  annulus. Journal of F lu id  Mech., 5, 593-621. 

DeVaucouleurs, G., 1954: Physics of t he  Planet  Mars. Faber and Faber, Ltd., 
London, 365 pp. 

Drake, F.D., 1964: Microwave observat ions of Venus, 1962-1963. Astronomical 
Journal ,  69, 62-64, 

Fu l t z ,  D., e t  al, ,  1959: Studies of thermal convection i n  a r o t a t i n g  cyl in-  
de r  with some impl ica t ion  f o r  l a r g e  s c a l e  atmosphere motions. 
Monographs, 4, AMS (1959), 104 pp. 

Meteor. 

Ha l t ine r ,  G, J,, and F.L. Martin, 1357: Dynamical and Phys ica l  Meteorology. 
McGraw-Hi11 Book Co., Inc., New York, 470 pp. 

Haurwitz, B. , 1941: Dynamic Meteorology. 14cGraw-Hill Book Co., Inc. , New 
York, 365 pp. 

Iiaurwitz, B., 1961: Thermally driven c i r c u l a t i o n s i n  a r o t a t i n g  f l u i d  system. 
S c i e n t i f i c  Rpt .  No. 2, Contract No. AF 19(604)-5488. 29 pp. 

Kaplan, L.D., 1962: A preliminary model of the  Venus atmosphere. Tech, Rpt. 
32-379, J e t  Propulsion Lab., C.I.T., 5 pp. 

Kaplan, L.D., G. Miinch, and H. Spinrad, 1964: An a n a l y s i s  of t he  spectrum 
of Mars. Astrophysical Journal, 139, 1-15. 

Kuo, H.L., 1963: Per turba t ion  of p lane  Couette flow i n  s t r a t i f i e d  f l u i d  
and origin of cloud s t r e e t s .  Physics of F lu ids ,  6 ,  195-211. 

Mintz, Y., 1955: F i n a l  computation of t he  mean geostrophic  poleward f l u x  
of angular  momentum and of s e z s i b l e  hea t  i n  t h e  win ter  and summer of 
1949. F ina l  Rpt., Contract AF 19(122)-48, U.C.L.A., 1 4  pp. 

36 


